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1. Introduction 1. Introduction 1. Introduction 1. Introduction Southern Ocean sea ice is critical to Earth's climate regulation. It is one of the most seasonal and variable features of the Earth's surface, and has a significant influence on key oceanic and atmospheric processes, which in turn drive global climate (Brandon et al., 2010; Comiso, 2010) . Determining the paleo sea-ice record is widely recognised as critical to elucidating past (and future) climate conditions (Dieckmann and Hellmer, 2010; Vaughan et al., 2013) .
According to the Intergovernmental Panel on Climate Change, the lack of paleo sea-ice records from the Southern Ocean hinders modern climate modelling efforts, yet some models suggest that Antarctic sea-ice extent will reduce by 24% and more than a third in terms of total volume by 2100 (Turner et al., 2009;  In recent years, the organic geochemical lipid IP 25 (Structure I; Fig. 1 ) (Belt et al., 2007) has emerged as a useful proxy for paleo Arctic sea-ice extent, in part, due to its selective production by certain diatoms residing in Arctic sea ice (Belt et al., 2007 (Belt et al., , 2013 Brown et al., 2014) . Importantly, IP 25 and other more unsaturated highly branched isoprenoid (HBI) alkenes are sufficiently stable in underlying Arctic sediments to permit paleo sea-ice reconstructions spanning recent decades (e.g., Müller et al., 2011; Navarro-Rodriguez et al., 2013; Stoynova et al., 2013; Xiao et al., 2013 Xiao et al., , 2015 , the Holocene (Vare et al., 2009; Müller et al., 2012) and the Pliocene/Pleistocene boundary (Knies et al., 2014; Müller and Stein, 2014) . Although IP 25 has not been reported in the Antarctic, a structural analogue (an HBI diene; structure II; Fig. 1 ) has been identified in both sea-ice diatoms and sediments from the region (Nichols et al., 1988; Johns et al., 1999; Massé et al., 2011) , with an isotopic (δ 13 C) signature that is also characteristic of a sea-ice origin (Johns et al., 1999; Sinninghe Damsté et al., 2007; Massé et al., 2011) . Since this HBI diene is co-produced with IP 25 by Arctic sea-ice diatoms (Brown et al., 2014) and is positively correlated with IP 25 when quantified in sediments (Massé et al., 2011; Cabedo-Sanz et al., 2013) , it too can be used as a proxy for Arctic sea ice, and also has the potential to provide the basis for paleo sea-ice reconstruction for the Southern Ocean.
A number of Antarctic sea-ice reconstruction studies based on the variable abundance of HBI diene II in Antarctic sediments have begun to appear (Barbara et al., 2010 (Barbara et al., , 2013 Denis et al., 2010; Massé et al., 2011; Collins et al., 2013; Etourneau et al., 2013) . A further HBI (an HBI triene; structure III; Fig. 1) has been reported in Antarctic phytoplankton and sediments, although this isomer has not been identified in Antarctic sea ice. Further, its significantly lighter stable isotopic composition (δ 13 C) in phytoplankton (δ 13 C = -40.2 ± 0.5‰) and sediments (e.g., δ 13 C = -41.6 ± 1.1‰) (Massé et al., 2011) , compared to diene II, indicates an exclusive origin in the pelagic phytoplankton (Trull and Armand, 2001 ), possibly from species that thrive within the marginal ice zone or retreating ice margin (Collins et al., 2013) . As such, measurement of diene II in Antarctic sediments has generally been used to provide proxy evidence for variability in past sea-ice extent for the Southern Ocean (Barbara et al., 2010 (Barbara et al., , 2013 Denis et al., 2010; Massé et al., 2011; Etourneau et al., 2013) , while parallel quantification of triene III has been used to demonstrate open-water conditions and possibly changes in seasonality of Antarctic sea ice (Collins et al., 2013) . The development of HBIs as proxies for Antarctic sea ice is much less advanced than that of IP 25 for the Arctic (see Belt and Müller, 2013) and has relied almost entirely on their analysis in a small number of sediments, rather than within their source environments. Further, the specific diatoms responsible for HBI production in the Southern Ocean are not known, but the major species found in Antarctic winter sea ice and in phytoplankton (e.g., Fragilariopsis spp.
in sea ice) are unlikely to be the sources (Collins et al., 2013) .
Other common lipid biomarkers such as sterols and fatty acids have received less attention as possible sea-ice proxies, likely due to their ubiquity and low environmental specificity, at least compared to HBIs such as IP 25 .
However, some sterols, including epi-brassicasterol (24-methylcholesta-5,22E-dien-3β-ol) from phytoplankton and dinosterol (4α,23,24-trimethyl-5α-cholest-22E-en-3β-ol) from dinoflagellates (Volkman, 1986; Volkman et al., 1993) , Müller et al., 2011; Belt and Müller, 2013) . In any case, the occurrence of sterols and fatty acids in all phytoplanktonic communities means that they can potentially provide useful qualitative estimates of marine primary productivity (e.g., Fahl and Stein, 2012) , at least in surface waters.
In the current study, we aimed to obtain further insights into the use of certain HBIs as proxies for Antarctic sea ice by investigating their occurrence and abundance distributions in near-surface (ca. 0-10 m) water samples taken from a transect in the East Antarctic with contrasting sea ice settings. Samples were taken, and analysed, from three distinctively different regions with respect to sea-ice cover into summer: the permanently open-ocean zone (POOZ) with no seasonal sea-ice cover, the near-shore summer sea ice zone (SIZ) where sea ice remains long into the summer melt season, and the marginal ice zone (MIZ), located between the former two regions, and with a highly variable latitudinal sea-ice edge throughout the season. In particular, we assessed for the absolute and relative distributions of diene II and triene III within each zone and compared the outcomes with algal sterols, fatty acids and chlorophyll a (Chl a) as more generic indicators of marine primary productivity. 
Lipid extraction and analysis
Filtered water samples were extracted and analysed as described previously for melted sea ice and water samples (Brown, 2011; Brown et al., 2011; Belt et al., 2013) . In brief, internal standards (9-octyl-8-heptadecene (10 µl; 2 µg/ml), 5α -androstan-3β-ol (10 µl; 2 µg/ml), and nonadecanoic acid (10 µl; 1 mg/ml)) were added to filters prior to extraction for quantification of HBIs, sterols and fatty acids, respectively. Filters were then saponified (5% KOH; 70 °C; 60 min), after which, non-saponifiable lipids (including HBIs and sterols) were extracted with hexane (3 × 2 ml) and purified by open column chromatography (SiO 2 ). HBIs and sterols were eluted using hexane (5 column volumes) and hexane/methyl acetate (4:1 v/v; 5 column columns), respectively. Fatty acids were obtained by adding concentrated HCl (1 ml) to the saponified solution (after extraction of non-saponifiable lipids) and re-extracted with hexane (3 × 2 ml).
Fractions containing fatty acids and sterols were derivatized (BSTFA; 50 µl; 70 °C; 60 min) prior to analysis by gas chromatography-mass spectrometry (GC-MS).
All lipid fractions were analysed and quantified using GC-MS in total ion 
HBIs in surface waters
HBI diene II could be identified and quantified in all of the surface water samples from the SIZ with a range in concentration of 0.10-0.48 pg/ml (mean 0.25 pg/ml, Fig. 3 ). The mean concentration of diene II in samples from the MIZ (0.10 pg/ml) was lower than that for the SIZ and this biomarker was absent (or below the limit of quantification; 0.025 pg/ml) in the sample from the most northerly location within the MIZ and in each of the four samples from the POOZ (Fig. 3 ). In contrast, triene III could be quantified in all samples from the three zones (Fig. 3 ). The concentration of triene III was 0.21-3.97 pg/ml in the SIZ with generally higher values in the MIZ (2.24-8.99 pg/ml). Indeed, the mean triene III concentration in the MIZ (6.00 pg/ml) was ca. six times higher than that in the SIZ (1.06 pg/ml). However, triene III was present in much lower amounts (0.06-0.09 pg/ml) in samples from the POOZ, with a mean concentration (0.07 pg/ml) ca. 14 and 85 times lower compared to the SIZ and MIZ, respectively. Consistent with these differences in diene II and triene III distributions between zones, concentrations of these HBIs were not at all correlated (Table 1 ) and the mean II/III ratio was ca. 22 times larger in the SIZ (0.344) compared to the MIZ (0.016); all individual values were also higher in the SIZ (Fig. 3) . Finally, although the abundances of both diene II and triene III
were not sufficiently high in individual samples to enable us to obtain their stable isotopic composition (δ 13 C), we were able to determine a value for triene III (δ 13 C = -35 ± 1.5‰) by combining several extracts together; however, the combined abundance of diene II was too low to enable us to obtain the corresponding value for this HBI.
Sterols and fatty acids in surface waters
The major sterols in all samples were 24-methylcholesta-5,22E-dien-3β-ol (epi-brassicasterol), 24-methylenecholesterol, 22-dehydrocholesterol and cholesterol, consistent with diatoms as the predominant microalgal source.
Further, sterol concentrations were generally well correlated (Table 1) , indicating consistency in the relative composition between sampling sites.
Individual and combined sterol concentration data (Fig. 4) can be found in Supplementary Table 1 . The mean total sterol (epi-brassicasterol + 24-methylenecholesterol + 22-dehydrocholesterol + cholesterol) concentration was 1190, 1400 and 4690 pg/ml in the SIZ, MIZ and POOZ, respectively, with significantly less variation between the zones compared to the trends seen for diene II and triene III. The FA GC-MS chromatograms were dominated by C 14 , C 16 and C 16:1 , again consistent with diatoms as the major components in the filtered biota (e.g., Opute, 1974; Volkman et al., 1989; Reuss and Poulsen, 2002) .
Concentrations of C 14 , C 16 and C 16:1 were also well correlated across all samples (Table 1) Table 1) . Thus, the mean total FA concentration was ca. 1.9 and 2.9 times higher in the MIZ (7759 pg/ml) compared to the SIZ (4014 pg/ml) and POOZ (2652 pg/ml), respectively.
Discussion Discussion Discussion Discussion

Lipid distributions within different sea ice settings
The occurrence of diene II in seasonally sea ice covered surface waters within the polynya, west of the Dalton Iceberg Tongue, and further offshore in the MIZ is consistent with production of this biomarker by sea-ice diatoms during the spring bloom (Nichols et al., 1988; Johns et al., 1999) , followed by their release into the upper water column during sea-ice melt. In addition, the absence of diene II within the POOZ further supports the notion of selective production of this biomarker by certain (as yet unknown) diatoms affiliated with sea ice. Consistent with both of these observations, sympagic diatoms have previously been identified in near-coastal surface waters off Adélie Land (also East Antarctica) soon after ice melt, while the species composition further offshore was dominated by pelagic counterparts (Riaux-Gobin et al., 2011) .
Unfortunately, the abundance of diene II in the SIZ and MIZ samples was too low for us to determine its stable isotopic composition (and thus confirm its sea ice origin), although this HBI has been reported previously in sea ice from a nearby location (ca. 66°S; 110°E) (Massé et al., 2011) with an isotopic signature (δ 13 C = -5.7‰) characteristic of a sea-ice diatom source. In fact, HBI II identified previously in sea ice and sediments from other Antarctic locations is always isotopically heavy, and has not been reported in Antarctic phytoplankton, suggesting that its production is highly specific to certain sea-ice diatoms. The source of HBI II in our water samples is therefore believed to be sea-ice diatoms that were released into the surface waters during ice melt. Further, we interpret the overall increased concentration of diene II in the SIZ samples compared to those from the MIZ as reflecting more favourable conditions for sea-ice diatom growth due, mainly, to longer seasonal sea ice cover. Indeed, at the time of sampling (9 February-10 March 2014), remnant sea ice was still evident in the SIZ, but the MIZ was characterised by clear, open water conditions. The maximum winter sea ice extent in the region is normally reached during September and October ( Fig. 2 ) with spring retreat occurring during November and December, coincident with (at least some) sea ice diatom growth (e.g., Arrigo et al., 2010) . Although there have been no systematic time-series investigations of the production of diene II in Antarctic sea ice, the accumulation of IP 25 in Arctic sea ice has been shown to closely parallel the spring bloom (Brown et al., 2011; Belt et al., 2013) . As such, the corresponding accumulation of diene II in Antarctic sea ice might be expected to be highest in regions of longer spring sea ice duration (i.e., within the SIZ), with lower amounts within the MIZ due to competing sea ice melt. Consistent with this suggestion, diene II was not detected in the most northerly sampling location within the MIZ, where the seaice margin had already retreated further south by December 2013 (Fig. 2) .
Finally, the selective production of diene II by sea ice diatoms likely explains the poor overall correlations between its concentration and those of the other lipids (Table 1) , which could all be identified in each of the SIZ, MIZ and POOZ.
The distribution pattern of triene III is substantially different to that of diene II, indicating contrasting environmental control over its production. Curiously, despite the ubiquity of triene III in samples from each zone, the mean concentration was markedly higher in the SIZ compared to the POOZ and even higher in the MIZ (Fig. 3) . In previous paleo Antarctic sea-ice studies based on HBI lipids in marine sediments, the down-core variability of triene III has been interpreted in terms of changes in the extent or duration of open-water conditions, with the corresponding abundances of diene II providing the complementary responses in terms of sea-ice duration (Barbara et al., 2010 (Barbara et al., , 2013 Denis et al., 2010; Massé et al., 2011; Collins et al., 2013; Etourneau et al., 2013) .
In general, opposing trends in these two HBIs provides some support for such interpretations. However, in a study focussing on glacial age sediments from the with higher values within the MIZ due to enhanced triene III (Fig. 3b) . At this stage, it is not clear what the reason behind the particular enhancement in triene III is, although it may, potentially, be attributed to a preference (or tolerance) of the species that biosynthesise this HBI to the stratified and nutrient-rich surface waters found at the sea ice edge which are well-known to promote phytoplankton productivity in the Antarctic (e.g., Niebauer and Alexander, 1985; Smith and Nelson, 1985; Korb et al., 2005) and the Arctic (Sakshaug and Skjoldal, 1989; Sakshaug et al., 2009; Perrette et al., 2011) . In contrast, the smaller changes in relative concentration of total sterols and total FAs between the different sampling regions likely reflect more general variations in diatom productivity, especially as these are lipids common to all diatoms. In addition, there may also be additional contributions to the FA budget from some Both of these are currently being investigated in our laboratory.
The role of the polynya
Sea-ice cover within the SIZ typically reaches a maximum during late September/early October, with some partial break-up by the end of October (Fig.   7a) . A distinctive feature of the SIZ within the current study, however, is the polynya, located west of the Dalton Iceberg Tongue (Fig. 7b) . Polynya formation occurs as a consequence of a natural embayment between the Dalton Iceberg Tongue to the east and landfast ice off Law Dome to the west, which limits seaice export via the westward-flowing Antarctic Coastal Current. Together with katabatic winds that funnel along the Moscow University Ice Shelf, this embayment results in recurrent ice formation and break-up leading to a 'sea-ice factory' scenario that is responsible for sea-ice retention even into summer, which contrasts with the advance/retreat cycle that occurs further north.
Importantly, from a marine sediment-based proxy perspective, with horizons representing multi-year accumulation, a polynya scenario is a common feature for the SIZ on an annual basis, as evidenced from satellite records and reflected further by the median February sea-ice extent from 1980-2010 (Fig. 2) . In any case, extended sea-ice duration within the polynya is likely favourable for enhanced sea-ice diatom growth and thus, production of diene II, as seen in the SIZ samples (Fig. 3a) . On the other hand, the occurrence of transient phases of open water within the polynya (Fig. 7b) samples, may reflect polynya-type conditions rather than long seasonal sea-ice cover followed by warmer summers, as has been suggested previously (Etourneau et al., 2013) . In addition, II/III ratios within our SIZ samples span at least one order of magnitude (Fig. 3c) , which is typical of the range seen in sedimentary records, and interpreted previously as indicating quite major shifts in either sea ice extent and/or open water conditions during summers (Barbara et al., 2010 (Barbara et al., , 2013 Etourneau et al., 2013) . Of course, whether sedimentary II/III ratios closely reflect those of the overlying water samples, or if the variation seen in the latter becomes homogenised within sediments, is in need of further investigation; however, on the basis of the data presented here, it is possible that some control over substantial variations in sedimentary II/III may not be limited to large-scale changes in sea-ice extent, but may also be influenced by polynyadriven processes.
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Conclusions Conclusions Conclusions Conclusions
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